The aim of this study was to test different stem volume predictors that are capable of utilizing laser scanning-based canopy height metrics as independent variables. The three laser scanning-based methods compared were (1) a direct prediction model for the stem volume at plot level, (2) a volume prediction system based on the modelled percentiles of the basal area diameter distribution, and (3) a parameter prediction method used to determinate Weibull-based basal area diameter distributions for the plot-level stem volume prediction. The predicted volumes were also compared with fi eldmeasured volumes obtained with the Finnish conventional inventory by compartments. The best results were obtained with the fi rst method, i.e. the model that predicts plot-level stem volumes directly, which is logical. Furthermore, the simulated reduction of point density of laser data had no effect on the accuracy of stem volume predictions. The percentile-based modelling of diameter distributions was applied, in particular, to the determination of non-homogenous stand structure; using this method, it is even possible to fi t multimodal distributions. In terms of the accuracy of the predicted plot-level stem volumes, the volume prediction method based on modelled percentiles of basal area diameter distributions was the second best, whereas the volume prediction method based on the parameter prediction of the Weibull-based basal area diameter distributions resulted in slightly worse results. However, the accuracies of the three laser-based volume prediction methods tested were superior to the published results of spectral value-based remote sensing studies implemented using data collected from Finland. Furthermore, the accuracy of plot-level stem volume estimates calculated from fi eld assessments was considerably weaker than the accuracy of the three volume prediction methods that utilized measures obtained with laser scanning.
Introduction
In Finland, there is an increasing pressure to improve methods of carrying out fi eld inventories in small areas. A corresponding trend can also be found, for example, in Sweden ( Holmgren and Jonsson, 2004 ) . A conventional inventory by compartment includes expensive fi eldwork, but the number of assessments per stand is typically small, resulting in low precision of estimated stand variables. The accuracy of prediction of stand volume achieved in compartment inventory usually varies between 15 and 30 per cent (see, e.g. Poso, 1983 ) .
The main approaches to developing a compartment inventory have been the modifi cation of fi eld measurements and the application of remote sensing methods to support, or even replace, fi eld measurements. In the case of fi eld measurements, new equipment and the optimization of measurements in different stands have been proposed (e.g. Kalliovirta et al. , 2005 ; Mehtätalo and Kangas, 2005 ) . Although satellite images and digital aerial photographs have been found suitable for large area inventories (e.g. Holmström et al. , 2001 ; Tomppo and Halme, 2004 ) , it is very diffi cult to obtain satisfactory results for small areas only using spectral value-based remote sensing methods (e.g. .
It is possible to obtain accurate height information on the forest canopy (e.g. Naesset, 1997a , b ; Magnussen and Boudewyn, 1998 ; Magnussen et al. , 1999 ; Means et al. , 2000 ) by using airborne laser scanner sensors of small footprint diameters (10 -30 cm). The two main approaches in deriving forest information from laser scanner data have been the laser canopy height distributionbased and the individual tree detection-based approaches. In the laser canopy height distributionbased method, quantiles (percentiles) of the distribution of laser canopy heights are used to predict forest characteristics. For example, Naesset (2002) , Lim et al. (2003) and Holmgren and Jonsson (2004) have shown that this approach produces highly reliable estimates of stand variables. If the number of laser pulses is increased to more than about three to fi ve measurements per square meter, individual trees can be recognized ( Brandtberg, 1999 ; Hyyppä and Inkinen, 1999 ; Persson et al. , 2002 ; Popescu et al. , 2002 ; Leckie et al. , 2003 ) . It is also possible to recover individual trees or artifi cial trees by diameter classes from sparse laser data using probability models for the canopy hits ( Magnussen et al. , 1999 ) or percentiles of a theoretical diameter distribution function ( Gobakken and Naesset, 2004 ) .
Timber volume is usually the most interesting stand characteristic to be considered. When using the laser canopy height distribution-based approach, laser-derived height quantiles are related to the stem volume (e.g. Naesset, 1997b Naesset, , 2002 Naesset, , 2004 St-Onge and Renaud, 2001 ; Lim et al. , 2003 ; Holmgren, 2004 ) . For example, in the study by Naesset (2004) , the accuracy of stand-level stem volume estimates, measured by means of the root mean square error (RMSE) of stem volume, varied between 9.3 and 22.5 per cent. The approach of Naesset (2004) includes the stratifi cation of different stands (young, mature, main tree species), measurements of georeferenced ground truth plots and a laser survey of ∼ 1 pulse m − 2 . To date, the research on laser scanning with Finnish data has concentrated on individual tree detection approaches (e.g. Hyyppä and Inkinen, 1999 ; Maltamo et al. , 2004 ) . However, Suvanto et al. (2005) obtained very accurate results when applying laser canopy height distribution-based approach in the prediction of stand characteristics, such as stem volume, basal area and mean height.
The aim of this study is to predict stem volumes at the plot level using laser-based canopy height metrics and to test the effect of reduction of laser point density on the accuracy of plot-level stem volume prediction. The methods compared are (1) model for direct plot-level stem volume prediction, (2) prediction models for the percentiles of basal area diameter distribution, and (3) existing diameter distribution models. The two latter approaches recover the number and characteristics of individual trees. In the case of the nationwide diameter distribution model, laser scanning-derived stand characteristics are used to predict parameters of the basal area diameter distribution function ( Kilkki et al. , 1989 ) , whereas the percentile-based approach is applied to the prediction of local diameter distribution (e.g. Borders et al. , 1987 ; Gobakken and Naesset, 2004 ) . Finally, measurements of a conventional inventory by compartments are compared to obtained results.
Materials and methods

Test site
The test site is located in a state-owned forest area of ∼ 50 ha in Kalkkinen, southern Finland, 130 km north of Helsinki. The site is rather hilly and lies ∼ 110 m a.s.l. The main tree species are Norway spruce (50 per cent of stem volume), Scots pine (35 per cent), silver birch and downy birch (15 per cent in total for both birch species). The tree stock of the area is naturally regenerated and in most parts of the area no silvicultural operations have been conducted during the last decades. Therefore, the tree stock can be considered to be in a semi-natural state. The test site has earlier been used for the verifi cation of the accuracy of different types of remote sensing data . The correlation coeffi cients between remote sensing data and fi eld data were lower than in other corresponding studies, indicating that the area is diffi cult for remote sensingbased inventories.
Field measurements
During the summer of 2001, 32 systematically located rectangular sample plots were established on the test site. The basic size of a sample plot was 30 × 30 m, but to get around 100 trees per plot, plot sizes of 25 × 25 and 30 × 40 m were also used. Most of the sample plots included dense understorey and were dominated by Norway spruce, although each sample plot included more than one tree species. In addition, tree species, diameter at breast height and tree height were registered. Tree heights were measured with a Vertex Forestor. Stem volumes were calculated by tree species using the volume functions of Laasasenaho (1982) . Altogether, 2612 trees were measured. The mean characteristics of the sample plots are presented in Table 1 .
Furthermore, stand mean and density characteristics, such as basal area, basal area median diameter and height, were assessed in each sample plot (see, e.g. Kangas et al. , 2004 ) . This was done to obtain comparisons for the laser-derived methods.
Subsequently, the Global Positioning System (GPS) was used to determine the position of the four corners of each of the 32 sample plots. The coordinates of the corner points were measured using a Leica SR530 real-time kinematic (RTK) GPS system. The RTK is based on the concept of relative GPS, where two receivers, one at a reference point with known coordinates and one at a new point, simultaneously measure signals from the same satellite. Earlier studies have shown that in relatively open areas the horizontal and vertical accuracy fi gures obtained for the RTK measurements are ∼ 0.015 and 0.020 m, respectively ( Bilker and Kaartinen, 2001 ). Due to the insufficient coverage of GPS satellites, the RTK did not always succeed in giving the corner points. In those cases, a tacheometer was used to measure the corner points. It is expected that the corner points can be measured with an accuracy less than |±10 cm|.
Laser scanning
Using a Toposys Falcon scanner, geo-referenced point cloud data were collected from Kalkkinen on 14 May 2003. Three DGPS receivers were employed to record the carrying platform position: one on the aircraft and two on the ground (the fi rst as the base station, the second for backup). The laser scanner survey provided a point cloud, in which the x , y and z coordinates of the points are known. The test site was measured from an altitude of 400 m above ground level resulting in a nominal sampling density of about 10 measurements m − 2 . Due to the relatively low survey altitude applied, the swath width was ∼ 100 m. Details of the applied Toposys system and fl ight parameters are given in Table 2 . First pulse data were used in this study. Previous studies have shown that fi rst pulse data can be successfully used also for digital terrain model (DTM) generation in a boreal forest zone ( Hyyppä et al. , 2001 ).
Preprocessing of laser data
In order to generate the DTM from laser scanner data, the laser refl ections from non-ground objects, such as trees and buildings, must be classifi ed as non-ground hits. Laser point clouds were fi rst classifi ed by TerraScan software (see http://www. terrasolid.fi ) to separate the ground points from other points. Then a raster DTM grid with a 50-cm pixel size was created from classifi ed ground points by taking the mean value of the ground points within the grid. Missing points in the DTM were afterwards interpolated using Delaunay triangulation and the bilinear interpolation method. The accuracy of the elevation estimate was evaluated using 2122 tacheometric measurements in eight of the plots used in this study ( Yu et al. , 2004 ) and was found to be better than 15 cm.
Laser canopy heights were calculated as the difference between z values of laser hits and estimated ground elevation values at the corresponding location. Points with a canopy height value of over 0.5 m were expected to be vegetation hits. Different height metrics were calculated for each sample plot from the laser canopy height point data. Percentiles for the canopy height were computed for 1, 5, 10, 20, … , 90, 95 and 100 per cent ( h 1 , … , h 100 ) (see, e.g. Naesset, 2004 ) . For each of these quantiles ( p 1 , … , p 100 ), proportional canopy densities were also calculated. Finally, standard deviation of laser canopy heights and the proportion of vegetation hits were computed.
Alternative stem volume prediction methods and constructed models
This study analysed four alternative stem volume prediction methods that can be used to predict plot-level stem volumes using either previous laser-derived variables (methods V1 -V3) or fi eld-measured stand characteristics (V4). The four alternative methods (V1 -V4) tested were as follows:
1 a direct prediction model for the plot-level stem volume (V1), 2 a stem volume prediction system based on the modelled percentiles of the basal area diameter distribution (V2), 3 a stem volume prediction system based on the parameter prediction procedure applied to the determination of the Weibull type of basal area diameter distributions (V3) and 4 a conventional inventory by compartmentbased estimation of plot-level stem volumes (V4).
The fi rst method (V1) is applicable if only the plot-level stem volumes as a whole are of interest, whereas it is recommended that the second (V2) or the third (V3) method be applied when size distributions of trees or timber assortment yields at the plot level are needed. The fourth method (V4) was selected for validation purposes, i.e. for the comparison of the accuracy between fi eldmeasured plot-level stem volumes (V4) and the laser data-derived plot-level stem volume predictions (V1 -V3).
In the fi rst method, plot-level stem volume (V1) was modelled directly using laser-derived canopy height metrics as independent variables. In order to get lower point densities and to compare derived stem volume estimates, a systematic data reduction according to x and y coordinates of the data was applied. After the reduction, there were 50, 10, 5 and 1 per cent left of the original data. When these fi gures were related to the point densities, the original sampling corresponds on average to 12.7 hits m − 2 and the reduced densities were 6.3, 1.3, 0.6 and 0.13, respectively. Corresponding canopy height metrics were calculated for these reduced datasets and linear plot-level stem volume models were constructed.
In the second laser-derived method (V2), percentile-based basal area diameter distributions were used to construct a stem volume predictor. The percentile-based diameter distribution model does not smooth out the distributions as much as the classical probability density functions which is an advantageous property for the diameter distribution model applied for the description of structurally heterogeneous stands with multimodal size distributions (e.g. Maltamo et al. , 2000 ) . In earlier studies, fi eld-measured stand characteristics have been used as independent variables of models obtained for diameters at selected percentiles of the modelled basal area diameter distributions ( Borders et al. , 1987 ; Kangas and Maltamo, 2000a ; Eerikäinen and Maltamo, 2003 ) , whereas this study utilized laser-derived canopy height metrics, i.e. the canopy height percentiles and cumulative proportional canopy densities, as independent variables of percentile models, in the same manner as Gobakken and Naesset (2004) . This was implemented without data reduction. Dependent variables, i.e. diameters at percentile points of the basal area, of these linear type of regression models were obtained from fi eld-measured tree diameters, which correspond to the procedure applied, for instance, by Kangas and Maltamo (2000a) and Eerikäinen and Maltamo (2003) . Because the minimum diameter of the measured trees was 5 cm, a fi xed value of 5 cm was given to the diameter at 0 per cent, whereas models were obtained for diameters at the 12 percentile points of the basal area (1st, 5th, 10th, 20th, 30th, … , 100th percentile). Besides, two additional models were also estimated for the stand basal area and the height of the basal area median tree; note that the basal area median diameter is the diameter at the 50th percentile of the basal area. Laser-derived height metrics were also used in the modelling of these additional models.
When calculating plot-level stem volumes (V2), the 1-cm-diameter class frequencies were fi rst obtained from the cumulative distribution of relative basal area after which they were scaled to absolute values by multiplying them with the predicted stand basal area. Furthermore, the number of stems in each diameter class was obtained by dividing the absolute value of the class basal area by the calculated basal area of the mean tree in the given class. For the calculation of classwise stem volumes, tree height and stem volumes were predicted for each class mean tree; tree heights were predicted using the models of Siipilehto (1999) which use basal area median diameter and height of the basal area median tree as predictors. Stem volumes were then calculated using the volume models of Laasasenaho (1982) . Plot-level stem volumes were fi nally obtained by summing over the classwise stem volume predictions that were calculated by multiplying volume predictions of class mean trees by the corresponding classwise stem frequencies. Tree species identification was not used in the prediction of stem volumes, i.e. predictions obtained with the volume models for Scots pine, Norway spruce and birch were weighted equally.
The models for the diameters at selected basal area percentiles, height of the basal area median tree and stand basal area form a system of equations, i.e. a set of individual but simultaneously applied equations can be constructed. If there are no cross-equation restrictions (see Davidson and MacKinnon, 1993 ) , i.e. the same parameters do not appear in more than one equation of the system, it is a case of a set of seemingly unrelated regressions (SURs) ( Zellner, 1962 ) . Instead of estimating these equations of the SUR system separately, it is recommended that a set of models be estimated simultaneously, i.e. cross-equation correlations of random error terms should be considered in the estimation of parameters of the simultaneous model ( Zellner, 1962 ; Borders, 1989 ) . In this study, the parameters of the simultaneous model were estimated using the SUR of the Procedure SYSLIN in SAS ( SAS Institute Inc., 1993 ) .
In order to predict continuous cumulative distributions, the percentiles between the modelled percentiles were interpolated using Späth's rationale spline interpolation (e.g. Lether, 1984 ; Kangas and Maltamo, 2000a ; Eerikäinen and Maltamo, 2003 ) . The fl exibility of Späth's spline function is controlled by the tautness parameters p k and q k ( Lether, 1984 ) ; suitable values for the tautness parameters were found to be 15 and 35, respectively.
For the correction of non-constant variance and non-normality of error terms, a transformation was carried out on the modelled dependent variables (i.e. the stand characteristics and diameters at the percentile points of the basal area); the transformations of dependent variables were obtained by taking a natural logarithm. Due to these transformations, a bias correction is needed when using the models. For obtaining unbiased model predictions, half of the estimate for the error variance of the model was added to the model prediction before its back-transformation into the antilogarithmic scale (e.g. Baskerville, 1972 ; Flewelling and Pienaar, 1981 ) .
In the third method, the modelled stand variables (i.e. basal area and basal area median diameter and height, see previous method) were used to predict theoretical basal area diameter distributions by applying the three-parameter form of the Weibull function and the parameter prediction models of Kilkki et al. (1989) , i.e. the distribution was formed using predicted parameter values. When calculating plot-level stem volumes (V3), the predicted basal area diameter distributions and other models were considered in the same manner as in the previous alternative.
In the last method, plot-level stem volumes (V4) were calculated using visually assessed stand characteristics in the same manner as in the third method, i.e. stem volume estimation was based on stand characteristics and the predicted Weibull distribution. Instead of using laser-derived stand characteristics, they were assessed in the fi eld. This alternative was applied for the comparison of laser-based methods.
Model testing and validation
When selecting independent variables for the linear prediction models (methods V1 and V2), several combinations and transformations of predictors were tested. The selection criteria were the signifi cance and logical signs of the estimated coeffi cients. One aim was also to minimize the estimate of the mean square error of the model. In addition, scatterplots, in which the residuals were shown as functions of modelled characteristics and independent model variables, were inspected.
The signifi cance test of estimated model parameters tested whether the true value of the parameter was zero or not. The test value was calculated by dividing the estimate of the parameter by its estimated standard error and comparing this ratio to the t distribution with n -p a degrees of freedom (where n is the number of observations, and p a is the number of model parameters). The test values were obtained at a risk level of α = 0.05 ( P -value < 0.05).
In the reliability tests of estimates obtained with the different models, RMSEs and biases of the plot-level stem volume (m 3 ha − 1 ) were calculated. The absolute RMSE and bias were calculated as follows: (1) (2) where V i is the observed and V ^ i is the predicted stem volume of plot i and n is the number of sample plots. The relative RMSEs (RMSE per cent) of the plot-level stem volume estimates were calculated as a percentages by dividing the absolute RMSE by the mean of the fi eld-measured plotlevel stem volumes ( V − ).
Results
Linear models for the logarithmic plot-level stem volume of the fi rst volume prediction method (V1) were constructed with and without data reduction and the resulting models are presented in Table 3 . For the verifi cation of the accuracy of the models obtained for the plot-level stem volume, relative RMSEs and biases are shown in Figure 1 . The results show that the effect of reduced point density is negligible. All obtained RMSEs are between 10 and 14 per cent. These differences are most likely random. Comparison of different models shows that there is usually one independent variable from the upper quantiles of the canopy and another from the lower parts.
When selecting independent variables for the models of the second plot-level stem volume prediction method (V2), several combinations and transformations of predictors were tested ( Table 4 ). The best model fi t of this SUR system was achieved by using both canopy height percentiles and cumulative proportional canopy densities as independent variables in models of the percentile points less than 50 per cent. However, only the maximum laser height obtained from laser scanner data was used as an explanatory variable in models for the percentiles greater than 50 and for the height of the basal area median tree. All the estimated SUR model parameters were statistically signifi cant. The cross-equation variance -covariance matrix of the residuals for the SUR equation system is presented in Table 5 .
The bias obtained for the stem volume predictor of the second method was practically zero (bias = -1.4 per cent). The estimated relative standard error (RMSE%) of the plot-level stem volume predictions was 12.5 per cent.
In the case of the Weibull-based plot-level stem volume prediction (V3), the relative RMSE and bias were 14.1 and 0.9 per cent, respectively. When plot-level stem volumes obtained with fi eld-assessed mean characteristics (V4) were considered, the accuracy in terms of the RMSE and bias was 27.5 and 7.0 per cent, respectively.
Examples of predicted diameter distributions are shown in Figure 2 . The original diameter distribution is very wide and almost J-shaped, indicating a heterogeneous and unmanaged stand structure. The ability of percentile-based distributions (V2) to describe heterogeneous stand structure can be clearly seen in Figure 2 . On the other hand, the predicted Weibull distribution (V3) is able to describe large trees only. However, since the distribution is scaled using the predicted basal area, the accuracy is quite good in terms of plot-level stem volume. The fi eld-assessed Weibull (V4) distribution is a Figure 1 . Effect of data reduction on the accuracy of the constructed models for the plot-level stem volume (V1). The standard errors of the coeffi cients are given in parentheses. va r ˆ (e) and R 2 are the estimated error variance and coeffi cient of determination of the model, respectively. Table 4 ) ln ( combination of four fi eld-assessed tree storeys: two for Norway spruce and one each for Scots pine and birch species. The fi t of the percentile-based method (V2) is not always as good as it is in Figure 2 . This is demonstrated by another example plot ( Figure 3 ) .
Discussion
This research studied the usability of laser scanning-based information in the prediction of stem volume at the plot level. First, the plot-level stem volume was estimated using a direct regression model (V1). In the second approach (V2), percentile-based basal area diameter distributions were modelled locally and used to construct a plot-level volume predictor. Third, stand mean characteristics were predicted after which they were used to predict parameters of an earlier estimated, nationwide theoretical diameter distribution model (V3), i.e. it corresponds quite closely to the second alternative (V2).
The accuracy of all methods applied was superior in comparison with any earlier study in Finland based on spectral value-based remote sensing. Furthermore, volume estimates derived from fi eld assessments were considerably more inaccurate than laser-based estimates, which correspond to the results of earlier studies implemented in other Nordic countries (e.g. Naesset, 2002 Naesset, , 2004 Holmgren, 2004 ) . The most accurate results were obtained when the plot-level stem volume was modelled directly. This is obvious since a regression model of plot-level stem volume is statistically the best linear unbiased predictor (BLUP) for the characteristic.
It was also discovered that the simulated reduction of point density of laser data had no effect on the accuracy of volume prediction. It should, however, be remembered that this kind of data reduction is only theoretical and the DTM was based on the original point density. Furthermore, the effect of reducing point density, i.e. an increase in fl ight altitude, also affects footprint diameter which could not be simulated. However, according to St-Onge et al. (2003) , this effect is very small. A similar data reduction has earlier been used, for instance, by Holmgren (2004) and Yu et al. (2004) . In the study by Holmgren (2004) , Figure 2 . Examples of basal area (left) and stem frequency (right) distributions predicted for one plot. V2 and V3 are obtained for the laser data-derived percentile-based distributions and Weibull type of distributions, respectively, whereas V4 is for the Weibull type of distributions predicted using fi eld-measured stand characteristics.
the results of the data reduction in relation to the prediction of stand volume corresponded quite well to the fi ndings of this study.
In the construction of percentile-based models, the main aim was to achieve an accurate description for the stand structure, although the accuracy of volume prediction of the method was also superior. This aim was fulfi lled since the method applied was also capable of producing multimodal distributions (see also Maltamo et al. , 2000 ) . However, the basal area weighting of the distribution can result in unrealistic forms of the multiplied frequency distributions ( Figure 3 ; see also Figure 3 . An example of the predicted percentilebased stem frequency distribution (V2). Kangas and Maltamo, 2000b ) . This approach could also be improved by using advanced modelling approaches, and a better description could have been obtained if frequency distributions had been used. As a result, however, the accuracy of the stem volume predictions would have been considerably worse.
An alternative for modelling percentile-based diameter distributions would have been to model height distributions. It is obvious that the height quantiles derived from laser scanner data are more closely related to the height distribution than the diameter distribution of trees. Furthermore, tree height is a logical indicator of vertical stand structure in boreal forests (e.g. Esseen et al. , 1997 ) . However, the saturation of tree height, when diameters still increase, would have yielded worse results in terms of the accuracy of predicted stem volumes. Finally, it was not possible to apply height distributions since the study data are truncated according to the tree diameter, not height.
With respect to the Weibull distribution, the accuracy was almost as good as the accuracy of the direct volume prediction model. On the other hand, Weibull distribution could not properly describe heterogeneous structures of the studied forests. However, it should be remembered that the study area is extremely heterogeneous in Finnish conditions. In managed forest, the applicability of Weibull would be much better. This approach is somewhat similar to the current operational fi eld inventory implemented in Finland. Instead of assessing mean characteristics in the fi eld, they can be predicted using laser measurements, after which the same diameter distribution models with models for height and stem volume can be applied. One benefi t of using the existing diameter distribution models is that they were estimated using large-scale forest inventory data. In the case of direct diameter distribution modelling based on laser characteristics (e.g. quantiles), however, modelling data normally consist only of observations from small study areas. Therefore, the large-area applicability of such models is questionable.
According to the results of this study, a laser scanning approach can improve the accuracy of an inventory by compartments considerably, but the problem is the detailed stand description by tree species and layers. If one wished to combine the BLUP for stem volume and a more detailed tree-specifi c description of the stand obtained from a distribution-based approach, it would be possible by applying calibration estimation (see Mabvurira et al. , 2002 ) . The next step in using laser canopy height distribution-based approach is to apply it to larger areas. This would include sampling-based collection of data, construction of models and generalization of results (e.g. Naesset, 2004 ) . Furthermore, sampling-based data collection could be used to calculate other interesting characteristics, such as the biomass of trees.
